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As the current poultry production system stands, there is a period of time when newly 
hatched chicks are prevented from access to feed for approximately 48–72 h. Research 
has indicated that this delay in feeding may result in decreased growth performance when 
compared to chicks that are fed immediately post-hatch. To remedy this issue, in ovo 
methodology may be applied in order to supply the embryo with additional nutrients 
prior to hatching and those nutrients will continue to be utilized by the chick post-hatch 
during the fasting period. Furthermore, in ovo injection of various biologics have been 
researched based on the ability of not only supplying the chick embryo with additional 
nutrients that would promote improved growth but also compounds that may benefit the 
future health of the chicken host. Such compounds include various immunostimulants, 
live beneficial bacteria, prebiotics, and synbiotics. However, it is important to determine 
the site and age of the in ovo injection for the most productive effects. The primary 
focus of the current review is to address these two issues [the most effective site(s) and 
age(s) of in ovo injection] as well as provide the framework for the development of the 
gastrointestinal tract (GIT) of the chick embryo. Additionally, recent research suggests 
the colonization of the microbiota in the developing chick may occur during the late 
stages of embryogenesis. Therefore, we will also discuss the potentials of the in ovo 
injection method in establishing a healthy and diverse community of microorganisms to 
colonize the developing GIT that will provide both protection from pathogen invasion and 
improvement in growth performance to developing chicks.
Keywords: in ovo, poultry, gastrointestinal tract development, microbiome, supplements
iNTRODUCTiON
Given the fact that the poultry industry has been a main contributor to the U.S. food supply over 
the past two decades, with an increase from $44.4 billion in value of production in 2013 to $48.3 
billion in 2014, the necessity of capitalizing on the production of poultry is evident (1, 2). With the 
increasing trend to systematically remove sub-therapeutic levels of antibiotics from poultry feed due 
to public demand, poultry producers have been facing new challenges to compensate for lost product 
and profit via alternative routes (3, 4). For example, considerable research has been directed toward 
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assessments on a wide range of potential feed additives, from 
essential oils to synbiotics, to make up for the negative effects on 
growth performance and immune system response observed in 
poultry with the withdrawal of antibiotic growth promoters from 
poultry feed (5–8).
There are two main approaches that may serve to aid in 
the optimization of broiler growth performance and health: 
the first one is related to epigenetics, and the second one to 
the gastrointestinal tract (GIT) microbiome. The role genetics 
has played in the improvement of broiler lines is apparent as 
summarized by Haventstein et al. (9). Genetic lines of broilers 
used in 1957 have more than tripled in size when compared to 
a genetic line used in 2001, from 1,009 to 4,402 g respectively 
[both genetic lines were fed modern-day diets; even greater dif-
ferences in weight were observed in the birds fed diets respective 
of their time periods; (9)]. However, it is now believed that it 
requires an improvement at an additional level for optimized 
coordination of gene expression through epigenetic regula-
tion to maximize the genitive potentials already carried in the 
genome of the broiler lines (10). Additionally, the current focus 
of breeding programs is being shifted toward improving feed 
conversion ratio rather than being concerned primarily with 
how to maximize the body weight observed in poultry due to 
the increasing cost for feed, which accounts for 70% of the total 
cost in poultry production (11). The second focus has been on 
the establishment and development of a healthy and mature GIT 
microbiome in poultry as it has been recognized for its critical 
role in the overall health and growth performance of poultry 
(12–14). An ideal route for optimizing bird performance and 
health via the GIT microbiome would be to establish a healthy 
and balanced GIT microbiome at the beginning of its formation 
rather than trying to alter an already established GIT microbi-
ome. However, in order to attempt this challenge, it is essential 
to understand exactly when and how the GIT microbiomes are 
established during the early development of the birds.
Currently recognized as the most crucial time in the devel-
opment of a young chick is the perinatal period (the last few 
days prior to hatch and the first few days after hatch); this time 
period is when intestinal development is occurring most rapidly 
(10, 15). The perinatal period is a transitional time in which 
the chicks undergo metabolic and physiological shifts from the 
utilization of egg nutrients to exogenous feed (10). However, 
with the current structure for the operation of hatcheries and 
the delivery of newly hatched chicks to broiler farms, the chicks 
are inevitably exposed to delayed feeding for 48–72  h. The 
starvation period introduced by poultry growers is brief yet 
occurring at a crucial time in their development causing stress 
on the young chicks, which may, in turn, lead to stunted GIT 
development (10).
In addition to the GIT development being hindered, the 
interference due to delayed feeding could be extending to the 
development of the GIT microbiome of these young chicks as 
well. For years, it has been known that Salmonella is able to pass 
vertically from mother to offspring via infected reproductive 
organs contaminating the yolk, albumen, or eggshell membranes 
of the newly forming eggs (16–20). With this in mind, more 
recent research investigating the microbiomes of various body 
regions in 1-day-old chicks via high-throughput sequencing of 
the 16S rRNA gene indicates an already diversely colonized GIT 
that can be detected in the cecal contents (21). This data may 
indicate that not only pathogenic bacteria but also beneficial or 
commensal bacteria are capable of being transferred from mother 
to offspring and may debunk the long held idea of eggs being 
sterile at the time of oviposition.
The in ovo method, which allows the delivery of various 
biologics and supplements to chicken embryos, may represent a 
means to both compensate for the starvation period that newly 
hatched chicks endure and facilitate early establishment of a 
healthy GIT microbiome before it is exposed to any pathogenic 
bacteria. Research regarding the in ovo method indicates its effi-
cacy in supplying the young chick with critical biologics that can 
accelerate enteric development and digestion of nutrients (10). 
It has also been observed that early inoculation of a young chick 
with the native microbiota of a healthy adult bird can facilitate 
the development of an early GIT microbiome, thereby, leading 
to enhanced intestinal immunity as well as improved growth 
performance (22–26). Potentially, the newly developed GIT of 
an embryonic chick could be established by introducing a mixed 
culture of representative bacterial strains isolated from a healthy 
adult cecal microbiome.
The objective of this review is to serve as an overview for dis-
cussing the in ovo method as a possible approach to compensate 
for the repercussions of nutritional delays in early feeding on 
the GIT development. Additionally, this review will examine the 
potential of in ovo method in facilitating embryo GIT develop-
ment directly by the introduction of probiotic cultures, indirectly 
via administration of prebiotics, or a combination of both in the 
form of synbiotics.
eMBRYONiC GASTROiNTeSTiNAL TRACT 
DeveLOPMeNT AND ACTiviTY
Chick embryo development has been well understood for dec-
ades; it has been utilized as a model system for investigations of 
embryonic development in other animals (27). A research article 
by Southwell (28) contains a more in-depth perspective on the ana-
tomic intestinal differentiation in accordance with the embryonic 
staging of external features. Additionally, Roberts (29) authored a 
focused review on the molecular mechanisms and control in GIT 
development. The current section will serve as a brief overview of 
the development occurring from early stages of GIT development 
and differentiation up to the point of GIT function. However, 
because there is variation observed among individual chick 
embryos in their developmental stages in relation to age (28), this 
process will be discussed in sequential order without referring 
to specific stages in this review. This section contains general 
information regarding the GIT development of intestinal organ 
and epithelial differentiation and the initial activity observed in 
GIT, with information pertinent for the understanding of the 
in ovo method. Multiple outside sources (peer-reviewed, scientific 
journal articles, and academic textbooks) discuss chick embryol-
ogy to a much greater extent (29–34).
During gastrulation, the foundation of the alimentary tract 
is initially observed at approximately 18  h post-oviposition 
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(35). The alimentary tract stems from a band of cells indicating 
cranio-caudal orientation of the future embryo, recognized as 
the primitive streak [(35); the research conducted by Conrad Hal 
Waddinton in the 1930s identified the hypoblast as the inducer 
of the primitive streak and acquired information regarding the 
amniote organizer: Hensen’s node. Waddington’s experimental 
research and inductive action findings in embryology have been 
evaluated in a comprehensive review, authored by 0 (27)]. The 
function of the primitive streak is to serve as a route for cells 
to be brought in from the outer embryo layer and become the 
mesoderm and endoderm for the newly forming embryo (36). 
The alimentary tract begins as a cylindrical tube with inner and 
outer layers, the endodermal and mesenchymal layers, respec-
tively (37). The morphogenesis of the alimentary tract gives rise 
to the digestive system, among other organs and systems (38). 
The foregut arises as individual cells originating from the epiblast 
(region at the surface of the area pellucida), migrate through 
Hensen’s node, and remain anterior to Hensen’s node [this occurs 
at approximately 24 h post-oviposition (39, 40)]. Regression of 
the primitive streak begins with Hensen’s node moving to a more 
posterior position forming the anal region (40).
The formation of the head fold from the primitive streak allows 
for the formation of the foregut. The foregut lengthens toward the 
posterior end of the embryo and ends at the anterior intestinal 
portal [not a closed end, but an opening between the foregut and 
the midgut (32)]. Organogenesis from the foregut eventually 
gives rise to the organs and glands beginning at the pharynx, 
moving posterior along the GIT (41). The developments from 
the pharyngeal region are the esophageal region, crop, spleen, 
stomach, proventriculus, gizzard, liver, gallbladder, pancreas, 
intestines, and ceca (32, 42).
The formation of the hindgut extends posterior, beginning 
at the posterior intestinal portal and occurs similarly to that of 
the foregut (32). The hindgut differentiates into the posterior 
organs: the cloaca, allantois, and the bursa of Fabricius (32). The 
development of the hindgut is delayed when compared to that of 
the anterior regions and foregut. The midgut is distinguishable by 
its lack of ventral limits; it is open to the yolk sac. Eventually, the 
midgut is only the yolk sac stalk (32).
As time progresses (approximately 4–9 days post-oviposition), 
the morphogenesis of each intestinal organ and gland occur. The 
smooth endodermal layer forming the lumen of the intestine 
changes shape, from circular to an elongated ellipse and finally to 
a triangular shape. The triangular shape gives rise to longitudinal 
ridges, termed previllous ridges, which increase in number until 
eventually becoming villi lining the intestinal endoderm (31). The 
hypothesized mechanism by which these ridges and villi form is 
due to a combination of inward buckling of the endodermal layer 
as the outer smooth muscle layers differentiate and cell prolifera-
tion in both the mesenchyme and endoderm layers occur (37).
In addition to the development and height of villi prior to 
hatch, enzymatic activity is of particular interest in that several 
enzymes are integral in nutrient digestion for the young chick 
[for example sucrose-isomaltase (SI), lipase, and sodium-glucose 
transporter-1 (SGLT-1)]. Uni et al. (43) conducted experiments 
to observe pre-hatch villi and enzyme activities of the small 
intestine. At day 15 of incubation [preparation for emergence 
stage, Ref. (44)], rudimentary villi were observed and, by day 
17, they were displaying differing stages of development. At day 
20 of incubation, the villi could be visualized in three different 
stages, with varying maturity levels. The most mature villi were 
elongated pear-shaped, less mature villi were shorter, and the 
most nascent villi were branching at the base of the mature villi 
(43). Because chickens are precocial, it is essential that enzymes 
are active, even minimally, prior to hatch, which is the case 
for SI, SGLT-1, and lipase expression (43, 45). Both SGLT-1 
and SI activity during incubation on days 15 and 17 were low; 
yet, on day 19, activity was heightened before any exogenous 
carbohydrates had been ingested. In summary, the villi along 
with enzyme activity are developing and active prior to hatch, 
preparing the young chick for the transition to nutrients from 
exogenous nutritional sources.
Enterocytes in the developing intestine are small, circular, and 
non-polar with no defined brush-border membrane. Immature 
enterocytes proliferate along the villi, as there are no crypt cells 
present in the small intestine in the late embryonic stages; at hatch, 
only a single crypt per villus has been observed (46, 47). This is 
in contrast to mature enterocytes, which are polar and exhibit a 
defined cellular structure allowing for optimal absorption (48). 
Mature avian intestinal epithelial cells are continuously being 
regenerated by proliferating crypt cells migrating up toward the 
apical surface of the villi and differentiating into enterocytes dur-
ing transit (46). The transitional period of the first days post-hatch 
indicate that there is no defined areas of enterocyte proliferation; 
some occurs in the immature crypts, while some continue to 
occur along the villi (46). Full development of various regions 
of the chicken embryo, more specifically the GIT, can be more 
thoroughly reviewed in additional literature sources (32, 41, 49).
The mucosal layer of the intestine plays roles in the protec-
tion of the epithelial lining as well as transportation of materials 
between the lumen and the brush-border membrane (43). The 
intestinal tract has varying mucosal structures according to 
region (50). Development of mucus-secreting cells is initiated in 
the last stage of embryonic development; at this stage, these cells 
contain only acidic mucin (43, 51). The acidic mucins, although 
not entirely understood, may serve as an innate barrier to ward off 
bacteria, as the acquired immune system is not yet functional (52, 
53). This is contrary to mature goblet cells, which contain both 
acidic and neutral mucins. Additionally, the number of goblet 
cells in the mature small intestine is evenly distributed and is 
increased in proportion to the enterocytes. However, in chicken 
embryos, goblet cells increase in number from the duodenum to 
the ileum (43).
The spatial relations of the embryonated egg and extra-
embryonic structures at various days of incubation are depicted 
in Figure 1. This pictorial representation of the embryonated egg 
organization can be referred to throughout the remainder of the 
current review as in ovo methodology is discussed.
iMPORTANCe OF eARLY FeeDiNG
The delayed feeding is known to have significant impacts on the 
future development of various systems in a chicken. Avian species 
with rapid early development of the intestine and liver have been 
FiGURe 1 | Spatial relations within an embryonated chicken egg at 5, 
10, 15, and 20 days of incubation. Colors indicate differing compartments: 
embryo = yellow; air sac = blue; amnion = pink; allantois = red; 
albumen = green. Figure adapted from: A. L. Romanoff, Cornell Rural School 
Leaflet, September, 1939.
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correlated with high growth rates overall (54). Studies have revealed 
connections of early feeding not only to the overall performance 
but also specifically to intestinal, muscle, and immunological 
development and yolk-reserve utilization (55–57). Early feeding 
allows the small intestine to continue its growth and develop-
ment rapidly because, at the time of hatch, the GIT is not yet fully 
developed (45, 58). Increasing villi height and crypt depth allows 
for increasing absorption and digestive capabilities (59–63). The 
transition from the lipid-rich yolk contents to carbohydrate- and 
protein-rich exogenous nutrient source is only possible by the 
appropriate development of the GIT (62, 63). Sklan and Noy 
(64) reported that fasting of chicks slows the passage of the yolk 
contents through the yolk stalk to the intestines. Potentially, it is 
the absence of feed that results in the lack of peristaltic movement 
or the negative pressure in the abdominal cavity to facilitate the 
passage of intestinal contents (65, 66).
When all the reserves from the yolk have been used post-hatch, 
the chick depends on the availability of exogenous nutrients for 
digestion and absorption via the GIT for continued growth and 
development. It is critical that GIT development be maintained 
and completed within the first few days post-hatch (67, 68). Studies 
have shown that the growth of the GIT post-hatch exceeds the 
rest of the body by fivefold (58, 69). There is a direct relationship 
between intestinal weight gain and secretory enzymatic activity 
(59, 70). This provides support for the necessity of chicks to gain 
access to external feed at the earliest possible time to continue 
GIT growth and development.
Intestinal cell proliferation is necessary to initiate replacement 
of embryonic enterocytes; this is stimulated by feed intake. These 
mature enterocytes allow excretion of digestive enzymes that is 
essential for absorbing external nutrients. This entire process may 
take up to 2  weeks (71); intuitively, delay in external feed will 
delay the process of the replacement of enterocytes. Sklan (63) 
demonstrated varying developmental intervals of villi height and 
growth among different regions of the intestine post-hatch. In 
the first 4 post-hatch days, the villi height is increased by 50% 
(60, 72). Maturation of the GIT is continued by exogenous feed 
intake, which increases villi length and enzymatic activity of the 
small intestine (68).
The delay in feeding causes chicks to enter starvation mode; 
the reserves intended for muscle protein are being mobilized to 
continue gluconeogenesis, while the newly hatched chick gains 
the capability of digesting exogenous glucose sources (68). The 
chick allocates the limited reserves to the upkeep of thermal 
regulation and metabolism, which restricts growth and develop-
ment (73, 74). Uni and Ferket (55) characterized these shortages 
as the “hatchability quality” phenomena in which hatchlings are 
unable to endure the transitional periods before, during, and 
after the “starvation” phase. Those that do survive are often times 
underweight with poor meat yield, ineffective in utilizing feed 
properly, and more prone to disease.
Although some experiments demonstrated that the develop-
ment of the GIT and other systems in delayed fed chicks can 
catch up within 1 week to the levels of immediately fed chicks, 
the long-term effects of the delayed fed chicks are evident. Several 
researchers have shown that the initial lag in development from 
delayed access to feed is perpetuated through to market age 
(75–78). Nir and Levanon (79) concluded that the amount of time 
chicks were held without access to food, 24 and 48 h, delayed the 
time it took to reach market weight by 1 and 2 days, respectively.
Ferket (10) proposed that the first meal may dictate which 
genes in the young chick become activated. For example, chicks 
enduring a starvation period may have different gene expres-
sion patterns for potentially the remainder of their lives when 
compared to chicks that are immediately fed post-hatch (10, 80). 
Nutritional imprinting suggests the ability of establishing desired 
traits to embryos in the egg or newly hatched chicks. It is specu-
lated that the effects could be numerous: tolerance to various 
stressors (immunological and environmental), energy utilization, 
and caloric efficiency. Angel and Ashwell (81) demonstrated the 
long-term effects of conditioning with minerals in early feed. The 
data obtained compared chicks (0–4 days old) fed with a control 
diet (0.50% available phosphorus; NRC levels) with chicks con-
ditioned with restricted levels of phosphorus (0.25%). The data 
indicated that, when fed finisher diets deficient in phosphorus, 
the birds conditioned with lower levels of phosphorus exhibited 
improved body weight gain and feed conversion at 38  days of 
age when compared to those fed control diets (81). Yan et  al. 
(82) observed similar trends: ileal absorption was increased for 
phosphorus and calcium in broilers conditioned with slightly 
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deficient diets from hatch to 18 days when compared to those fed 
control diets. Overall, it is not only what is fed to young chicks 
but also the time in which they are fed (perinatal period) that 
appears to have the greatest influence on how the birds may react 
to environmental conditions later in life (10, 80).
GiT MiCROBiOMe DeveLOPMeNT
The assumption of chickens being hatched germ-free was preva-
lent when methods to characterize the poultry microbiome were 
strictly culture-based. However, with advancements in culture-
independent methods, it is becoming more apparent that this 
conventional perception is no longer valid (83). To some extent, 
this should not be a surprise as it was already established that 
eggs may be contaminated at the time of lay either by vertical 
or horizontal transmission (84). Bacterial spoilage of eggs has 
been recognized for years, but it has also been shown that those 
microorganisms causing spoilage have certain capabilities 
allowing them to contaminate the egg and overcome its defenses 
(85). Among these, the contaminating microorganisms must 
contain enzymes and mechanisms to break down egg protein 
into nitrogen and carbon sources, and possess the ability to 
avoid inhibiting components found in the egg albumin, such 
as conalbumin, lysozymes, ovotransferrin, and ovomucoid 
(85–87). A fairly diverse group of microorganisms have been 
observed as contaminants associated with egg surfaces and their 
contents (88–90).
Data collected from Deeming (91) suggested that microorgan-
isms in the yolk sac of the embryos of various avian species to 
be a fairly commonplace occurrence in healthy birds. These data 
refute the idea of avian eggs and their embryos being sterile before 
hatch since the embryo internalizes the yolk in the late stage of 
development (83, 91). Consequently, the notion that the intestinal 
microbiome of the chick is acquired on the day of hatch, thereaf-
ter, appears to be incorrect (92). More recent research indicates 
that the colonization of the intestinal tract may occur prior to the 
time of hatch by the prevalence and diversity of bacteria observed 
in 1-day-old chicks’ cecal contents by deep sequencing of the 16S 
rRNA gene (21). Additionally, diverse microbial populations 
have been identified in the intestines of chick embryos as early 
as 16 days of incubation using molecular and microscopic tech-
niques (83). It seems plausible that both vertical and horizontal 
transmission of bacteria may occur. Because microorganisms 
from the hatching environment as well as from the mother are 
able to penetrate the eggshell and reach the yolk and albumen, 
it is likely these microorganisms go on to colonize the embryo 
intestinal tract as the yolk is imbibed (93).
Two independent studies used culture methods in identify-
ing that chicken embryos were colonized with bacteria from 
samples taken at the end stage (17th to 20th days of incuba-
tion) of embryo development (94, 95). Kizerwetter-Świda and 
Binek (95) reported findings of Enterococcus sp. as the most 
frequently observed species among all the sampling ages, 
with the newly hatched chicks displaying the most complex 
microbiota, followed by the samples taken from 20 days chick 
embryos. It was also determined that the ceca had the highest 
bacterial counts, followed by the yolk sac. Binek et  al. (94) 
reported results revealing the identification of similar microbial 
populations: Entercoccus sp., Micrococcus sp., and Bacillus sp. 
Additionally, Ilina et al. (96) used terminal restriction fragment 
length polymorphism (T-RFLP) to determine the structure and 
composition of the microbial populations present in the GITs 
of chick embryos on the 16th day of incubation in two different 
breeds of Hajseks chickens (Brown and White breeds). This 
study indicated that by 16 days of incubation, the chick embryo 
contains microbiota with relatively rich taxonomic diversity, 
reporting that the Hajseks Brown breed samples to contained 
38 different phylotypes, while 30 were observed in the Hajseks 
White breed samples (96).
IN OVO ADMiNiSTRATiON
Early in the 1980s, in ovo vaccination against Marek’s disease 
(MD) was established as a reliable method to ward off the infec-
tion due to exposure to the virus (97). Prior to in ovo injection, 
the MD vaccine was distributed post-hatch; however, vaccinated 
flocks occasionally continued to experience extensive mortality 
due to the MD virus. One of the potential factors attributing to 
the loss observed was that the post-hatch vaccinated birds were 
exposed to MD prematurely, allowing insufficient time for the 
young chicks to build immunity to the vaccine (97). Sharma and 
Burmester (97), recognizing the ability of late-stage embryos 
and fetuses to support immune responses to viral and bacterial 
antigens (98, 99), used the in ovo injection for the MD vaccine in 
embryonic chickens. They observed significantly greater protec-
tive indices when vaccinated at embryo stage (regardless of day 
of in ovo injection between the 16th to 20th days of incubation; 
vaccination at the 18th day revealed the greatest protection) 
compared to those vaccinated at hatch (p < 0.05), while having 
no effect on hatchability (97).
Because of the success with in ovo vaccination, extensive 
experimentation has been conducted with the injections of 
various biologics, such as nutrient supplementation, hormones, 
and immunostimulants. However, skepticism of the technique 
was also raised based on lack of optimization in deliverance (age, 
volume, location of injection, as well as other factors), stress 
caused to the embryo by disruption of the internal environment 
or osmotic balance, and insufficient evaluation for the optimal 
individual or mixed substances for injection or their appropriate 
concentrations for delivery. There are several factors that may 
impact the method of delivery, for example the most suitable site 
of injection (amnion, allantoic cavity, yolk sac, and air sac) might 
be impacted by the chemical and physical characteristics of the 
injectable solution (100, 101). As the logistical issues were identi-
fied, poultry researchers, realizing a commercial opportunity 
associated with this novel delivery approach, have performed 
various experiments to address the aforementioned issues.
Since the initial introduction of in ovo technique, there have 
been numerous patents for automated deliverance with variations 
in site of injection, solution injected, age of injection, and method 
of automation (102–106). Among the various patents for auto-
mated injections, Uni and Ferket (107) patented a method for the 
delivery of in ovo injections that has come to be widely accepted 
among investigating researchers in terms of the age, location of 
FiGURe 2 | Spatial relations within an embryonated chicken egg at early and late stages of incubation with possible in ovo injection sites.
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injection, volume of injection, and a validated array of biologics 
that may be injected (107).
SiTeS OF IN OVO iNJeCTiON
In the late stage of embryonic development, there are five regions 
through which an in ovo injection may be delivered: the air cell, 
the allantoic membrane, the amniotic fluid, the yolk, and the 
embryo body [Figure 1; Ref. (108)]. The patent Uni and Ferket 
(107) developed states that the ideal time period for injection 
was late-term avian embryo with delivery to the amniotic fluid. 
The embryo consumes the amniotic fluid and its contents are 
exposed to the intestines and the enteric cells that comprise 
them. Therefore, substances administered to this region will be 
consumed along with the amniotic fluid and presented to enteric 
tissues (107). Wakenell et al. (108) evaluated the consequences of 
in ovo injection of the MD vaccine to eggs on the 17th and 18th 
days of incubation at various locations. The results indicated that 
the needle should pass through the air cell and the allantoic fluid 
in order to inject and dispense the vaccine to either the amniotic 
fluid or the embryo body to achieve the greatest protection 
efficacy (Figure 2). This deliverance resulted in over 90% protec-
tion regardless of day of vaccination, while injection of vaccine 
into either the air cell or allantoic fluid resulted in less than 50% 
protection (108). The precision in the depth of the injection is 
crucial; the needle not being deep enough into the egg will result 
in the dispersion of the vaccine to the air cell or allantoic fluid 
(<50% protection), while injecting the needle too deep may 
cause trauma to the embryo [Figure  2; (108, 109)]. However, 
Islam et  al. (110) obtained differing results, indicating poor 
response to vaccination when delivered to the extra-embryonic 
fluid. As Wakenell et  al. (108) indicated, the reasoning for the 
differing results between the studies may be based in the “extra-
embryonic” fluid not being differentiated into compartments. 
Therefore, the injections dispersed to the air cell, the allantoic 
fluid, and the amniotic fluid were all considered the same region: 
extra-embryonic.
Since the in ovo technique had become established, it con-
tinues to be further examined; more recent research involving 
in ovo techniques follows the age, location, and volume of injec-
tion recommended in the Uni and Ferket (107) patent [hereafter, 
studies discussed followed the recommended location and age 
as given by Uni and Ferket (107); those differing from the Uni 
and Ferket (107) patent will be stated as such]. The variable in 
the majority of in ovo studies have focused on what supplement 
is injected, such as nutrients, hormones, immunostimulants, or 
other biologics, attempting to promote growth and stimulate the 
immune system. As noted by Donaldson (111), adding glucose to 
water for chicks was not only ineffective but was detrimental as 
it suppressed gluconeogenesis enzymatic activity. Since different 
supplements exhibit different interactions, the effectiveness of 
each prospect needs to be assessed on an individual basis. The 
sections that follow will review the various biologics used in 
in ovo injections.
NUTRieNT SUPPLeMeNTS: 
MACROMOLeCULeS, AMiNO ACiDS, 
viTAMiNS, AND MiNeRALS
A major intention of pre-hatch feeding is to equip the embryo 
with the nutrients necessary to continue intestinal development 
post-hatch at or close to the same rate as pre-hatch. Supplying 
the embryo with exogenous nutrients would allow the GIT to 
develop the structures and functionality to properly digest 
and absorb nutrients immediately when exogenous nutritional 
supplementation is provided after hatch (107). These nutrients, 
along with the yolk sac reserves, can contribute not only to 
maintaining the systems and metabolism already established but 
also to continuing growth, development, and proper nutritional 
TABLe 1 | Summary of the effects studied regarding in ovo injections in chicken embryos at various locations and times of incubation and biologics 
supplemented.
Biologics injected Reference Stage of 
incubationa
Location of injection Results
Carbohydrates (51, 66, 
113–115)
Late stage Amniotic fluid Trophic effects on small intestine and effects on goblet cell activity; effects 
on embryonic metabolism and body weight
Amino acids (116–118) Late and 
early stage
Amniotic fluid, yolk sac, 
air cell, site not specified 
(needle length and narrow/
broad end of egg given)
Effects on chick-to-egg ratio, body weight, bursal weight, and thymus 
weight; effects on body weight in relation to location and day of injection; 
effects feed intake, feed conversation ratio, and immune response
Hormones (119–121) Late and 
early stage
Albumen Effect on muscle content; effects on body weight, skeletal growth, feed 
efficiencies, and adipose tissue development
Prebiotics, probiotics, 
synbiotics
(122–125) Early stage Air cell, amnion Effects on muscle fibers and histology; effects on Salmonella colonization; 
effect on final body weight gain and pancreatic enzyme activity; effect on 
number of bifidobacteria in feces
Proteins (antibodies) (126, 127) Late and 
early stage
Yolk sac, albumen, 
amniotic fluid
Effects on body weight and muscle mass varied among injection locations; 
effects on antibiotic residue detection
Immunostimulants (128–130) Late stage Amniotic fluid Effects on in vitro bactericidal activity of heterophils and protection against 
Salmonella invasion; effect on macrophage and antibody response
aDay of incubation, early stage = 0–12 days of incubation; late stage = 13–21 days of incubation; see reference for exact day of incubation.
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status (112). Numerous studies have been conducted investigat-
ing the efficacy of in ovo injection of various biologics in poultry, 
including nutrient supplements (Table 1).
Feeding of carbohydrates (51, 113, 114), proteins and amino 
acids (116, 117), vitamins (66, 131), or other modulators (119, 
132) through in ovo injection have been evaluated. When Smirnov 
et al. (51) inoculated eggs with carbohydrates (maltose, sucrose, 
and dextrose), the results showed that the additional energy 
source enhanced the development of goblet cells and increased 
the villi surface area in the intestines. The same carbohydrate 
mixture was applied again in different studies; both indicated 
increased body weight and increased liver glucose at hatch (55, 
115, 132).
Al-Murrani (133) first experimented with supplementation of 
amino acids to the yolk sac at the 7th day of incubation. Results 
indicated that the embryo did not use the protein until late-stage 
embryonic development to gain weight and they carried the 
additional weight through market age. Ohta et al. (117) injected 
amino acids into the yolk sac at both 0th and 7th days; both 
injections resulted in increased body weight with no effect on 
hatchability. More recently, Ohta and Kidd (134) injected amino 
acids into eggs and observed synonymous results with increased 
body weight at hatch, when injections were administered to the 
yolk or the extra-embryonic celom. Ohta et al. (135) dispensed 
amino acids to the yolk sac at 7  days of incubation, which 
resulted in increased amino acid concentrations. Other studies 
have observed that late-term embryonic mortality had been sig-
nificantly reduced and hatchability was increased by the injection 
of amino acids (136, 137). Both Ohta et al. (117) and Ohta and 
Kidd (134) concluded that the addition of amino acids stimulated 
the utilization and synthesis of amino acids with a simultaneous 
decrease in the degradation of amino acids (exact biochemical 
degradation not specified), when the amino acids injected were 
identical to those naturally occurring in the egg. In summary, the 
experimental studies of injections with amino acids and proteins 
indicate the potential benefits for the commercialization of in ovo 
injection of nutrients.
iMMUNOSTiMULANTS
There has been interest in identifying substances that may 
enhance the development or response of the immune system at 
an earlier age. Because modern chickens reach market weight 
at a mere 6–8  weeks, the first days of the chicks’ life account 
for a larger portion of their lifespan [comparatively to decades 
past; (9)]. In this time, they are exposed to a new environment; 
therefore, improving the immune response of these immature 
chicks is crucial for survival and performance to market age 
(138). Additionally, stimulating the immune system and taking 
prophylactic measures rather than having to use therapeutic dos-
ages is superior from a food safety and public health viewpoint 
(139). Some experimentation to improve immunocompetence via 
in ovo injection of vitamins, amino acids, and carbohydrates has 
been attempted; results have suggested their beneficial influence 
on antibody and macrophage response, immunomodulation, and 
humoral and cellular immunity (128, 131, 140, 141). Additionally, 
injections of antibodies and antibiotics have been attempted (126, 
127). Increased antibody residues in both the yolk sac and blood 
serum were observed as a result of in ovo injection of antibiot-
ics on the 18th day into the amnion. This was associated with 
reduced establishment of a competitive exclusion culture when 
embryonated eggs were supplied with PREEMPT™ [commercial 
competitive exclusion culture isolated from cecal microbiota of 
healthy adult chickens; (132)].
CpG motifs are able to serve as effective stimulators of the 
immune system by being recognized as non-self DNA and, thus, 
promoting host immune response. CpG-ODN has been an effec-
tive immunostimulant in mature chickens against Escherichia coli, 
which led to experimentation with delivery via in ovo injection 
(139). Taghavi et al. (129) injected CpG-ODN in ovo at 18 days 
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to the amniotic fluid of embryonated eggs and subsequently 
challenged with Salmonella Typhimurium (2  days post-hatch). 
Results indicated a significantly lower rate of infection and sep-
ticemia caused by S. Typhimurium (129).
ALTeRiNG THe IN OVO 
GUT MiCROBiOMe
Live Bacterial Strains: Probiotic and 
Competitive exclusion
Research regarding the in ovo injection of either probiotic bacterial 
strains or competitive exclusion culture is limited. The beneficial 
effects of probiotics in animal hosts and their underlying mecha-
nisms have been the subject of numerous reviews (24, 142–145). 
Probiotic bacterial strains work to compete for attachment sites 
on the intestinal epithelia, utilizing substrates to produce short-
chain fatty acids (SCFAs) and other antimicrobial metabolites and 
stimulating the host’s immune response (142–144, 146). It was the 
work of Nurmi and Rantala (22) as well as Rantala and Nurmi 
(147) who indicated that the application of a single probiotic 
bacterial strain (Lactobacillus) did not confer protection against 
Salmonella infection and that the infection was occurring within 
the first week post-hatch. The work shifted into evaluating the 
protection provided by inoculation of newly hatched chicks with 
the intestinal microbiome of adult chickens showing resistance 
to infection with Salmonella (22, 147). This work was success-
ful and brought about the concept of “competitive exclusion.” 
While there have been several hypotheses for the mechanism of 
competitive exclusion, four main mechanisms are acknowledged: 
(1) an unfavorable environment for invading bacteria is created, 
(2) receptor sites are utilized by commensal bacteria, leaving 
no space for invading bacteria, (3) antimicrobial substances are 
produced, and (4) competition for essential nutrients resulting in 
selection of certain bacterial strains (145, 148, 149).
As aforementioned, the infection of chickens is primarily 
observed to occur within the first week post-hatch (22, 147). It has 
been suggested that distribution of competitive exclusion cultures 
to chicks on the day of hatch results in accelerated maturation of 
the chick intestinal microbiome, allowing heightened protection 
only when given prior to exposure to pathogenic bacteria (150, 
151). Therefore, inoculation of chicks with probiotic bacterial 
strains or competitive exclusion cultures at the earliest possible 
time would likely be the most effective in providing protection 
against pathogenic bacteria (149). In ovo injection with probiotic 
bacterial strains or competitive exclusion culture would allow the 
chicks to be equipped with a fully colonized GIT before arriving 
at the growout houses, where they are likely to be exposed to 
pathogenic bacteria (similar to the rationale for in ovo injection 
with MD vaccine). Additionally, administration of probiotic bac-
terial strains to young chicks have been associated with improved 
growth performances, both body weight and feed conversion ratio 
(152–154). The in ovo distribution of probiotic bacterial strains 
or competitive exclusion cultures has the potential to improve 
growth performance as well as improve the protection of chickens 
from invading pathogens (149).
The results obtained from the research with in ovo injection of 
probiotics and competitive exclusion cultures are variable. Initial 
experiments were conducted by in ovo injection of different 
dilutions of a competitive exclusion culture into the air cell or 
just beneath the inner membrane at 18 days of incubation (155). 
Results indicated that in ovo injection with competitive exclusion 
cultures may be feasible once proper dilutions are experimentally 
determined (155). Pedroso et  al. (156) bolstered the evidence 
of the benefits of inoculating embryonic chicks with probiotic 
competitive exclusion. It was found that not only were the 
embryonic chicks receiving in ovo injection displayed increased 
microbiota diversity but also that these chicks revealed decreased 
Enterobacteriaceae, the family to which several enteropathogenic 
bacteria belong, including Salmonella spp. and E. coli (156). 
Similarly, aside from determining Lactobacillus reuteri as a safe 
organism to use as a competitive exclusion agent (18 days of incu-
bation, and injections to both the air cell and amniotic fluid had 
no significant effect on hatchability when compared to control 
hatch rate), these experiments indicated improved protection 
from challenges with enteric pathogens. Additionally, improved 
growth performance was observed when L. reuteri was continued 
in post-hatch feed [in addition to the in ovo injections; (141)]. 
Conversely, the inoculation of eggs with Lactobacillus acidophi-
lus, Lactobacillus fermentum, and Lactobacillus salivarius via 
in ovo injection at 18 days of incubation into the air cell indicated 
no protection when challenged with Salmonella (157).
From the previous discussion, it is apparent that in ovo injec-
tion of various probiotic and competitive exclusion strains may be 
of value to the poultry industry. However, limitations in the cur-
rent understanding of appropriate sites and ages for distribution 
of probiotic bacterial strains and competitive exclusion culture 
in ovo prevent its utilization in the industry. It is necessary to 
understand the systematic evaluation of bacterial strains that are 
safe to use, the dosages, and the age and site of injection before 
this technique can be practically beneficial to the poultry industry 
(122).
Limitations of in ovo injection with probiotic bacterial 
strains and competitive exclusion cultures exist and remain to 
be reconciled. The GIT microbiome is a niche for bacteria of all 
sorts – beneficial, harmful, and toxic – to live in concert with 
one another (123). The diversity of the population allows the 
microbiome to be protective, efficient, and promote health for 
the host. Injection with only one or a mixture containing only a 
few beneficial bacteria will likely not be effective as it is not reflec-
tive of a diverse intestinal microbiome of healthy adult chickens. 
It may not provide the intended protection or health for the host. 
Additionally, in ovo injection with a competitive exclusion culture 
can introduce unknown species of bacteria (123). Potentially 
harmful and toxin-producing bacteria that are detrimental to the 
health of the embryonated egg, rather than being beneficial, may 
be introduced.
Prebiotics and Synbiotics
Experimentation into the in ovo injection of prebiotics or synbiot-
ics is fairly recent; thus, available research is limited. The rationale 
of distributing prebiotics and synbiotics to a developing embryo 
is driven by the recognition that activities of both substances 
work toward improving GIT health. The definition of prebiotics 
is variable depending on the source (158). Roberfroid et al. (159) 
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stated that prebiotics contribute to “the selective stimulation 
of growth and/or activity(ies) of one or a limited number of 
microbial genus(era)/species in the gut microbiota that confer(s) 
health benefits to the host.” Hutkins et  al. (158) identified that 
amendments and specifications need to be established, expand-
ing on this concept for clarification in the various industries it 
affects (health care, food, science, and regulatory). Regardless of 
the requirements for a substance to be considered a prebiotic, 
several food ingredients are considered to stimulate growth and/
or activity of the intestinal microbiota, resulting in improved 
host health (159–161). Synbiotics, containing a combination 
of both prebiotics and probiotics, have also been reviewed and 
discussed based on whether the contained prebiotic is specific 
to the probiotic contained in the mixture or if it is stimulatory to 
any intestinal bacterial strains (6). Nevertheless, prebiotics and 
synbiotics have been attempted for in ovo injection, equipping 
developing embryos to better protect themselves from the various 
exposures they may encounter upon hatching (123–125).
Distribution via in ovo injection of probiotic bacterial 
strains with prebiotics at 12  days of incubation to the air cell 
demonstrated little influence on carcass weight and pectoral 
muscle percentage (124). Similarly, when evaluating prebiotics 
(inulin) and synbiotics (inulin with Lactococcus lactis; validated 
composition of mixtures in previous in vitro experiments with 
animal models), it was observed that in ovo injection into the 
air cell at 12  days did not impact the feed conversion ratio, 
yet distribution with prebiotics alone significantly increased the 
final body weight. Additionally, the delivery of both synbiotics 
and prebiotics increased the activities of the pancreatic enzymes 
amylase, lipase, and hydrolase (125). These enzymes are involved 
in the digestion of food; thus, it is probable that the increased 
activity is beneficial to the newly hatched chicks in their transi-
tion from endogenous to exogenous nutrients (125).
Considerable attention has been given to the effect on immune 
response and activity when prebiotics or synbiotics are delivered 
in ovo. Madej and Bednarczyk (162) observed in ovo injection 
of synbiotics to be more stimulatory of gut-associated lymphoid 
tissue (GALT, includes Peyer’s patches, cecal tonsils, Meckel’s 
diverticulum, and esophageal and pyloric tonsils) colonization 
by T cells than injection with prebiotics alone. Further, the in ovo 
injection of synbiotics to the air cell at 12  days was shown to 
stimulate the development of immune organs (bursa of Fabricius 
and spleen) as well as increase proliferation of lymphocytes in the 
thymus (163). Stimulation of synthesis of immunoglobulins has 
also been demonstrated with the in ovo distribution of prebiotics 
and synbiotics at 12 days of incubation to the air cell (164).
Research conducted evaluating the dosages of prebiotic 
preparations injected in ovo demonstrated the current 
limitations of in ovo prebiotic delivery. Villaluenga et al. (123) 
observed increased numbers of bifidobacteria associated with 
increased dosage of prebiotic mixtures (various oligosaccha-
rides). However, increased dosages were also negatively associ-
ated with hatchability and embryo weight (123). In addition to 
dosage effects, unknown impacts of in ovo prebiotic injection, 
both the profiles of microorganisms comprising the intestinal 
microbiome and the development of the chicks post-hatch, need 
to be investigated (123).
CONCLUSiON AND FUTURe ReSeARCH
As has been researched thoroughly, the delayed feeding of newly 
hatched chicks that occurs during the transport of chicks to the 
broiler farm has revealed a detrimental impact on the GIT devel-
opment (10). In addition to the GIT development being stunted, 
the colonization of microorganisms in the GIT may be hindered 
as well. Recent research has suggested that the establishment of the 
GIT microbiome in chick embryos has the potential of develop-
ing as early as 16 days of incubation based on the colonized yolk 
sac (83), while sequencing of the 16S RNA revealed 1-day-old 
chicks to have diversely colonized cecal contents (21). Therefore, 
in order to maximize productivity in poultry production, the 
management of chicks needs to start while the chick is malleable 
and the environmental factors are controlled. Similar to other 
animals, the best time appears to be when the chick is still devel-
oping as an embryo in ovo. It is evident that the administration of 
substances may have positive effects on growth performance and 
prevention of pathogen invasion (Table 1). There is considerable 
research to be conducted in order to evaluate how lucrative the 
in ovo administration of various biologics may be. As is evident 
by the variable results of experiments with differing substances 
(excluding vaccinations), injection sites, and injection times, 
there needs to be a standardized method of injection for each 
substance or groups of substances (for example, carbohydrates, 
proteins, and probiotic bacterial strains). However, the commer-
cial potential of in ovo administration is apparent.
In addition to determining specifications for injectable sub-
strates, further research identifying exactly how receptive a chick 
embryo is needs to be evaluated. There is reason to believe that 
the chick embryo GIT is already beginning to be colonized with 
microorganisms (83). In ovo injection with probiotic bacterial 
strains as well as competitive exclusion culture may prove to be 
protective against early exposure to pathogens when the chick 
is most vulnerable. This is similar to what has been observed in 
the MD vaccine: the earlier the vaccination, the longer time the 
chick has to develop appropriate immune responses (97). This 
idea of establishing the intestinal microbiome by in ovo injection 
of beneficial bacteria may be influential on the overall health and 
well-being of the poultry host.
AUTHOR CONTRiBUTiONS
All authors conceived and participated actively in the revisions 
of the manuscript. SMR wrote the manuscript; YK and SCR 
provided additional sources of literature references. All authors 
approved the final submission version of the manuscript and 
agreed to be held accountable for the content herein.
ACKNOwLeDGMeNTS
We would like to thank the University of Arkansas Food Science 
Department for supporting SMR in a graduate research assist-
antship. We would also like to thank the Michael G. Johnson 
Endowed Scholarship for Excellence in Food Microbiology 
Research, Teaching, and Peer Mentoring for providing financial 
assistance to SMR.
10
Roto et al. Applications of In Ovo Technique
Frontiers in Veterinary Science | www.frontiersin.org August 2016 | Volume 3 | Article 63
ReFeReNCeS
1. US EPA. Background of Poultry Production. Poultry production Ag (2013). 
101 p. Available from: http://www.epa.gov/oecaagct/ag101/poultry.html
2. U.S. Poultry and Egg Association. Economic Data. (2015). Available from: 
https://www.uspoultry.org/economic_data/
3. HHS. National Action Plan for Combating Antibiotic-Resistant Bacteria. 
Washington, DC: Presidential Advisory Council on Combating Antibiotic-
Resistant Bacteria (2015). Available from: https://www.whitehouse.gov/
sites/default/files/docs/national_action_plan_for_combating_antibotic- 
resistant_bacteria.pdf
4. Castanon JIR. History of the use of antibiotic as growth promoters in European 
poultry feeds. Poult Sci (2007) 86:2466–71. doi:10.3382/ps.2007-00249 
5. Abaza IM, Shehata MA, Shoieb MS, Hassan II. Evaluation of some natu-
ral feed additive in growing chicks diets. Int J Poult Sci (2008) 7:872–9. 
doi:10.3923/ijps.2008.872.879 
6. Schrezenmeir J, de Vrese M. Probiotics, prebiotics, and synbiotics – approaching 
a definition. Am J Clin Nutr (2001) 73:361S–4S. 
7. Rivera Calo J, Crandall PG, O’Bryan CA, Ricke SC. Essential oils as 
antimicrobials in food systems – a review. Food Control (2015) 54:111–9. 
doi:10.1016/j.foodcont.2014.12.040 
8. Roto SM, Rubinelli PM, Ricke SC. An introduction to the avian gut 
microbiota and the effects of yeast-based prebiotic-type compounds as 
potential feed additives. Front Vet Sci (2015) 2:28. doi:10.3389/fvets.2015. 
00028 
9. Havenstein GB, Ferket PR, Qureshi MA. Growth, livability, and feed con-
version of 1957 versus 2001 broilers when fed representative 1957 and 2001 
broiler diets. Poult Sci (2003) 82:1500–8. doi:10.1093/ps/82.10.1500 
10. Ferket PR. Embryo epigenetic response to breeder management and nutri-
tion. World’s Poult Congress. Salvador Proceedings; 2001 Aug 5–9. Salvador, 
Brazil: (2012). Available from: http://www.facta.org.br/wpc2012-cd/pdfs/
plenary/Peter_R_Ferket.pdf
11. Willems OW, Miller SP, Wood BJ. Assessment of residual body weight 
gain and residual intake and body weight gain as feed efficiency traits in 
the turkey (Meleagris gallopavo). Genet Sel Evol (2013) 45:26. doi:10.1186/ 
1297-9686-45-26 
12. Brisbin JT, Gong J, Sharif S. Interactions between commensal bacteria and the 
gut-associated immune system of the chicken. Anim Health Res Rev (2008) 
9:101–10. doi:10.1017/S146625230800145X 
13. Oakley BB, Morales CA, Line J, Berrang ME, Meinersmann RJ, Tillman GE, 
et  al. The poultry-associated microbiome: Network analysis and farm-to-
fork characterizations. PLoS One (2013) 8:e57190. doi:10.1371/journal.
pone.0057190 
14. Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with host 
and diet. Gut Microbes (2014) 5:108–19. doi:10.4161/gmic.26945 
15. Iji PA, Saki A, Tivey DR. Body and intestinal growth of broiler chicks on a 
commercial starter diet. I. Intestinal weight and mucosal development. Br 
Poult Sci (2001) 42:505–13. doi:10.1080/00071660120073151 
16. Keller LH, Benson CE, Krotec K, Eckroade RJ. Salmonella enteritidis coloni-
zation of the reproductive tract and forming and freshly laid eggs of chickens. 
Infect Immun (1995) 63:2443–9. 
17. Miyamoto T, Kitaoka D, Withanage GSK, Fukata T, Sasai K, Baba E. 
Evaluation of the efficacy of Salmonella enteritidis oil-emulsion bacterin 
in an intravaginal challenge model in hens. Avian Dis (1999) 43:497–505. 
doi:10.2307/1592648 
18. Okamura M, Miyamoto T, Kamijima Y, Tani H, Sasai K, Baba E. Differences 
in abilities to colonize reproductive organs and to contaminate eggs in 
intravaginally inoculated hens and in  vitro adherences to vaginal explant 
between Salmonella Enteritidis and other Salmonella serovars. Avian Dis 
(2001) 45:962–71. doi:10.2307/1592875 
19. Guard-Petter J. The chicken, the egg and Salmonella enteritidis. Environ 
Microbiol (2001) 3:421–30. doi:10.1046/j.1462-2920.2001.00213.x 
20. Gantois I, Ducatelle R, Pasmans F, Haesebrouck F, Gast R, Humphrey TJ, 
et  al. Mechanisms of egg contamination by Salmonella Enteritidis. FEMS 
Microbiol Rev (2009) 33:718–38. doi:10.1111/j.1574-6976.2008.00161.x 
21. Tieshan J, Mandal RK, Wideman RF Jr, Lohemann T, Kwon YM. Molecular 
survey of the microbiomes in broilers of BCO lameness. Symposium on Gut 
Health in Production of Food Animals Nov 10–12. St. Louis, MI: (2014).
22. Nurmi E, Rantala M. New aspects of Salmonella infection in broiler produc-
tion. Nature (1973) 241:210–1. doi:10.1038/241210a0 
23. Gleeson TM, Stravic S, Blanchfield B. Protection of chicks against Salmonella 
infection with a mixture of pure culture of intestinal bacteria. Avian Dis 
(1989) 33:636–42. doi:10.2307/1591137 
24. Nisbet D. Defined competitive exclusion cultures in the prevention of entero-
pathogen colonization in poultry and swine. Anton Van Leeuwenhoek (2002) 
81:481–6. doi:10.1023/A:1020541603877 
25. Al-Zenki SF, Al-Nasser AY, Al-Suffar AE, Abdullah FK, Al-Bahouh ME, 
Al-Haddad AS, et al. Effects of using a chicken-origin competitive exclusion 
culture and probiotics cultures on reducing Salmonella in broilers. J Appl 
Poult Res (2009) 18:23–9. doi:10.3382/japr.2008-00036 
26. Crhanova M, Hradecka H, Faldynova M, Matulova M, Havlickova H, Sisak F, 
et al. Immune response of chicken gut to natural colonization by gut micro-
flora and to Salmonella enterica serovar Enteritidis infection. Infect Immun 
(2011) 79:2755–63. doi:10.1128/IAI.01375-10 
27. Stern CD. The chick: a great model system becomes even greater. (commen-
tary). Dev Cell (2005) 8:9–17. doi:10.1016/j.devcel.2004.11.018 
28. Southwell BR. Staging of intestinal development of the chick embryo. Anat 
Rec A Discov Mol Cell Evol Biol (2006) 288:909–20. doi:10.1002/ar.a.20349 
29. Roberts DJ. Molecular mechanisms of development of the gastrointestinal 
tract. Dev Dyn (2000) 219:109–20. doi:10.1002/1097-0177(2000)9999 
30. Romanoff AL. The Avian Embryo; Structural and Functional Development. 
New York: The Macmillan Co (1960). 1305 p.
31. Burgess DR. Morphogenesis of intestinal villi. II. Mechanisms of formation of 
previllous ridges. J Embryol Exp Morphol (1975) 34:723–40. 
32. Bellairs R, Osmond M. The Atlas of Chick Development. 3rd ed. Oxford, UK: 
Elsevier Academic Press (2014). 692 p.
33. Eyal-Giladi H, Kochav S. From cleavage to primitive steak formation: a 
complementary normal table and new look at the first stages of the devel-
opment of the chick. I. General morphology. Dev Biol (1975) 49:321–37. 
doi:10.1016/0012-1606(76)90178-0 
34. Hamburger V, Hamilton HL. A series of normal stages in the develop-
ment of the chick embryo. J Morphol (1951) 88:49–92. doi:10.1002/jmor. 
1050880104 
35. Davey MG, Tickle C. The chicken as a model for embryonic development. 
Cytogenet Genome Res (2007) 117:231–9. doi:10.1159/000103184 
36. Bellairs R. The primitive streak. Anat Embryol (1986) 174:1–14. doi:10.1007/
BF00318331 
37. Shyer AE, Tallinen T, Nerurkar NL, Wei A, Gil ES, Kaplan DV, et  al. 
Villification: how the gut gets its villi. Science (2013) 342:212–8. doi:10.1126/
science.1238842 
38. Frumkin A, Pillemer G, Haffner R, Tarcic N, Gruenbaum Y, Fainsod A. A role 
for CdxA in gut closure and intestinal epithelia differentiation. Development 
(1994) 120:253–63. 
39. Patten BM. The formation of the primitive streak and the eastblishment 
of the mesoderm. The Early Embryology of the Chick. Philadelphia, PA: P. 
Blakiston’s Son & Co (1920). p. 27–43. Available from: https://archive.org/
stream/earlyembryologyo00pattrich/earlyembryologyo00pattrich_djvu.txt
40. Painter KJ, Maini PK, Othmer HG. A chemotactic model for the advance and 
retreat of the primitive streak in avian development. Bull Math Biol (2000) 
62:501–25. doi:10.1006/bulm.1999.0166 
41. Gilbert SF. Early development in birds. 6th ed. Developmental biology. 
Sunderland, MA: Sinauer Associates (2000). p. 336–48. Available from: 
http://www.ncbi.nlm.nih.gov/books/NBK10070/
42. Gheri G, Gheri-Bryk S, Sgambati E, Gulisano M. Characterization of the 
glycoconjugate sugar residues in developing chick esophageal epithelium. 
Histol Histopathol (1993) 8:351–8. 
43. Uni Z, Tako E, Gal-Garber O, Sklan D. Morphological, molecular, and 
functional changes in the chicken small intestine of the late-term embryo. 
Poult Sci (2003) 82:1747–54. doi:10.1093/ps/82.11.1747 
44. Moran ET Jr. Nutrition of the developing embryo and hatchling. Poult Sci 
(2007) 86:1043–9. doi:10.1093/ps/86.5.1043 
45. Noy Y, Sklan D. Yolk utilization in newly hatched poult. Br Poult Sci (1998) 
37:987–96. doi:10.1080/00071669889042 
46. Uni Z, Geyra A, Ben-Hur H, Sklan D. Small intestinal development in the 
young chick: crypt formation and enterocyte proliferation and migration. Br 
Poult Sci (2000) 41:544–51. doi:10.1080/00071660020009054 
11
Roto et al. Applications of In Ovo Technique
Frontiers in Veterinary Science | www.frontiersin.org August 2016 | Volume 3 | Article 63
47. Geyra A, Uni Z, Sklan D. The effect of fasting at different ages on growth and 
tissue dynamics in the small intestine of the young chick. Br J Nutr (2001) 
86:53–61. doi:10.1079/BJN2001368 
48. Geyra A, Uni Z, Sklan D. Enterocyte dynamics and mucosal development 
in the posthatch chick. Poult Sci (2001) 80:776–82. doi:10.1093/ps/80.6.776 
49. Sanderson IR, Walker WA. Development of the Gastrointestinal Tract. 
Hamilton, ON: B.C. Decker Inc (2000). 416 p.
50. Ferraris RP, Villenas SA, Diamond J. Regulation of brush-border enzyme 
activities and enterocyte migration rates in mouse small intestine. Am 
J Physiol (1992) 262:G1047–59. 
51. Smirnov A, Tako E, Ferket PR, Uni Z. Mucin gene expression and mucin 
content in the chicken intestinal goblet cells are affected by in ovo feeding of 
carbohydrates. Poult Sci (2006) 85:669–73. doi:10.1093/ps/85.4.669 
52. Cebra JJ. Influences on microbiota on intestinal immune system develop-
ment. Am J Clin Nutr (1999) 69:1046S–51S. 
53. Fontaine N, Meslin JC, Lory C, Andrieux C. Intestinal mucin distribution 
in the germ-free rat and in heteroxenic rat harbouring a human bacterial 
flora: effect on inulin in the diet. Br J Nutr (1996) 75:882–92. doi:10.1079/
BJN19960194 
54. Lilja C. A comparative study of postnatal growth and organ development in 
some species of birds. Growth (1983) 47:317–39. 
55. Uni Z, Ferket PR. Methods for early nutrition and their potential. World Poult 
Sci J (2004) 60:103–13. doi:10.1079/WPS20038 
56. Dibner JJ, Kitchell ML, Atwell CA, Ivey FJ. The effect of dietary ingredients 
and age on the microscopic structure of the gastrointestinal tract in poultry. 
J Appl Poult Res (1996) 5:70–7. doi:10.1093/japr/5.1.70 
57. Careghi C, Tona K, Onagbesan O, Buyse J, Decuypere E, Bruggeman V. 
The effects of the spread of hatch and interaction with delayed feed access 
after hatch on broiler performance until seven days of age. Poult Sci (2005) 
84:1314–20. doi:10.1093/ps/84.8.1314 
58. Nitsan Z, Duntington EA, Siegel PB. Organ growth and digestive enzyme 
levels to fifteen days of age in lines of chickens differing in body weight. Poult 
Sci (1991) 70:2040–8. doi:10.3382/ps.0702040 
59. Sell JL, Angel CR, Piquer FJ, Mallarino EG, al-Batshan HA. Development 
patterns of selected characteristics of the gastrointestinal tract of young 
turkeys. Poult Sci (1991) 70:1200–5. doi:10.3382/ps.0701200 
60. Uni Z, Noy Y, Sklan D. Posthatch chances in morphology and function of the 
small intestines in heavy- and light-strain chicks. Poult Sci (1995) 74:1622–9. 
doi:10.3382/ps.0741622 
61. Uni Z, Ganot S, Sklan D. Posthatch development of mucosal function in the 
broiler small intestine. Poult Sci (1998) 77:75–82. doi:10.1093/ps/77.1.75 
62. Uni Z, Noy Y, Sklan D. Posthatch development of small intestinal function in 
the poult. Poult Sci (1999) 78:215–22. doi:10.1093/ps/78.2.215 
63. Sklan D. Development of the digestive tract of poultry. World Poult Sci J 
(2001) 57:415–28. doi:10.1079/WPS20010020 
64. Sklan D, Noy Y. Hydrolysis and absorption in the intestine of newly hatched 
chicks. Poult Sci (2000) 79:1306–10. doi:10.1093/ps/79.9.1306 
65. Yang HM, Wang ZY, Shi SR, Chen WL, Zhou QY, Xu MJ. Effect of early 
feeding on the yolk nutrient utilization by goslings after hatching. Arch Geflü 
(2008) 72:264–8. 
66. dos Santos TT, Corzo A, Kidd MT, McDaniel CD, Torres Filho RA, Araújo LF. 
Influence of in ovo inoculation with various nutrients and egg size on broiler 
performance. J Appl Poult Res (2010) 19:1–12. doi:10.3382/japr.2009-00038 
67. Jin S-H, Corless A, Sell JL. Digestive system development in post-hatch 
poultry. World Poult Sci J (1998) 54:335–45. doi:10.1079/WPS19980023 
68. Vieira SL, Moran ET. Effects of egg origin and chick post-hatch nutrition on 
broiler live performance and meat yields. World Poult Sci J (1999) 56:125–42. 
doi:10.1079/WPS19990009 
69. Nitsan Z, Avraham B, Zoref G, Nir I. Growth and development of the diges-
tive organs and some enzymes in broiler chicks after hatching. Br Poult Sci 
(1991) 32:515–23. doi:10.1080/00071669108417376 
70. Noy Y, Sklan D. Energy utilization in newly hatched chicks. Poult Sci (1999) 
78:1750–6. doi:10.1093/ps/78.12.1750 
71. Noy Y, Sklan D. Digestion and absorption in the chick. Poult Sci (1995) 
74:366–73. doi:10.3382/ps.0740366 
72. Uni Z, Noy Y, Sklan D. Developments of the small intestines in heavy and 
light strain chicks before and after hatching. Br Poult Sci (1996) 37:63–71. 
doi:10.1080/00071669608417837 
73. Ricklefs RE. Comparative analysis of avian embryonic growth. J Exp Zool 
Suppl (1987) 1:309–23. 
74. Pinchasov Y, Noy Y. Comparison of post-hatch holding time and subsequent 
early performance of broiler chicks and turkey poults. Br Poult Sci (1993) 
34:111–20. doi:10.1080/0007166930841756 
75. Halevy O, Geyra A, Barak M, Uni Z, Sklan D. Early posthatch starvation 
decreases satellite cell proliferation and skeletal muscle growth in chicks. 
J Nutr (2000) 130:858–64. 
76. Hager JE, Beane WL. Posthatch incubation time and early growth of broiler 
chickens. Poult Sci (1983) 62:247–54. doi:10.3382/ps.0620247 
77. Noy Y, Geyra A, Sklan D. The effect of early feeding on growth and small 
intestinal development in the posthatch poult. Poult Sci (2001) 80:912–9. 
doi:10.1093/ps/80.7.912 
78. Vieira SL, Moran ET. Effects of delayed placement and used litter on broiler 
yields. J Appl Poult Res (1999) 8:75–81. doi:10.1093/japr/8.1.75 
79. Nir I, Levanon M. Research note: effect of posthatch holding time on 
performance and on residual yolk and liver composition. Poult Sci (1993) 
72:1994–7. doi:10.3382/ps.0721994 
80. Ashwell CM, Angel R. Nutritional genomics: a practical approach by early 
life conditioning with dietary phosphorus. R Bras Zootec (2010) 39:268–78. 
doi:10.1590/S1516-35982010001300030 
81. Angel R, Ashwell CM. Dietary conditioning results in improved phosphorus 
utilization. World’s Poultry Congress 2008: Brisbane Proceedings; June 29–July 
4. Brisbane, Australia: (2008).
82. Yan F, Angel R, Ashwell C, Mitchell A, Christman M. Evaluation of the 
broiler’s ability to adapt to an early moderate deficiency of phosphorus and 
calcium. Poult Sci (2005) 84:1232–41. doi:10.1093/84.8.1232 
83. Pedrosa AA. Which came first: the egg or its microbiota? Poult 
Inform Prof (2009):1–5. Available from: https://www.researchgate.net/
publication/257367431_Which_came_first_the_egg_or_its_microbiota 
84. Barrow PA. The microflora of the alimentary tract and avian pathogens: 
translocation and vertical transmission. In: Board RG, Fuller R, editors. 
Microbiology of the Avian Egg. New York City, NY: Springer US (1994). 
p. 117–38.
85. Harry EG. The relationship between egg spoilage and the environment of the 
egg when laid. Br Poult Sci (1962) 4:91–100. doi:10.1080/00071666308415485 
86. Feeney RE, Nagy DA. The antibacterial activity of the egg white protein 
conalbumin. J Bacteriol (1952) 64:629–43. 
87. Fang J, Ma M, Jin Y, Qiu N, Ren G, Huang X, et al. Changes in the antimi-
crobial potential of egg albumen during the early stages of incubation and its 
impact on the growth and virulence response of Salmonella Enteritidis. Ital 
J Anim Sci (2012) 11:92–7. doi:10.4081/ijas.2012.e17 
88. Berrang ME, Frank JF, Buhr RJ, Bailey JS, Cox NA, Mauldin JM. Microbiology 
of sanitized broiler hatching eggs through egg production period. J Appl 
Poult Res (1997) 6:298–305. doi:10.1093/japr/6.3.298 
89. Moats WA. Classification of bacteria from commercial egg washers and 
washed and unwashed eggs. Appl Environ Microbiol (1980) 40:710–4. 
90. Board RG. The growth of Gram-negative bacteria in the hen’s egg. J Appl 
Bacteriol (1964) 27:350–64. doi:10.1111/j.1365-2672.1964.tb04921.x 
91. Deeming DC. Yolk sac, body dimensions and hatching quality of 
ducklings, chicks and poults. Br Poult Sci (2005) 46:560–4. doi:10.1080/ 
00071660500255042 
92. Bailey JS, Cox NA, Berrang ME. Hatchery-acquired Salmonellae in broiler 
chicks. Poult Sci (1994) 73:1153–7. doi:10.3382/ps.0731153 
93. De Reu K, Grijspeerdt K, Messens W, Heyndrickx M, Uyttendaele M, 
Debevere J, et  al. Eggshell factors influencing eggshell penetration and 
whole egg contamination by different bacteria, including Salmonella enter-
itidis. Int J Food Microbiol (2006) 112:253–60. doi:10.1016/j.ijfoodmicro. 
2006.04.011 
94. Binek M, Borzemska W, Pisarski R, BĪaszczak B, Kosowska G, Malec H, et al. 
Evaluation of the efficacy of feed providing on development of gastrointestinal 
microflora of newly hatched broiler chickens. Arch Geflü (2000) 64:147–51. 
95. Kizerwetter-Świda M, Binek M. Bacterial microflora of the chicken embryos 
and newly hatched chicken. J Anim Feed Sci (2008) 17:224–32. 
96. Ilina LA, Yildirim EA, Nikonov IN, Filippova VA, Laptev GY, Novikova NI, 
et  al. Metagenomic bacterial community profiles of chicken embryo gas-
trointestinal tract by using T-RFLP analysis. Dokl Biochem Biophys (2016) 
466:47–51. doi:10.1134/S1607672916010130 
12
Roto et al. Applications of In Ovo Technique
Frontiers in Veterinary Science | www.frontiersin.org August 2016 | Volume 3 | Article 63
97. Sharma JM, Burmester BR. Resistance to Marek’s disease at hatching in 
chickens vaccinated as embryos with the turkey herpesvirus. Avian Dis 
(1982) 26:134–49. doi:10.2307/1590032 
98. Brown TT Jr, Schultz RD, Duncan JR, Bistner SI. Serological response of the 
bovine fetus to bovine viral diarrhea virus. Infect Immun (1979) 25:93–7. 
99. Richardson M, Conner GH. Prenatal immunization by the oral route: stim-
ulation of Brucella antibody in fetal lambs. Infect Immun (1972) 5:454–60. 
100. Johnston PA, Liu H, O’Connell T, Phelps P, Bland M, Tyczkowski J, et  al. 
Applications in in ovo technology. Poult Sci (1997) 76:165–78. doi:10.1093/
ps/76.1.165 
101. Jochemsen P, Jeurissen SHM. The localization and uptake of in ovo injected 
soluble and particulate substances in the chicken. Poult Sci (2002) 81:1811–7. 
doi:10.1093/ps/81.12.1811 
102. Lewis RH, Inventor. Automated Injection System for Avian Embryos with 
Advanced Fluid Delivery System. United States patent US 5056464 (1991).
103. Hebrank JH, Inventor. High Speed Automated Injection System for Avian 
Embryos. United States patent US 4903635 (1990).
104. Paul EA, Ilich RL, Inventors. Modular Injection System for Avian Embryos. 
United States patent US 5136979 (1991).
105. Miller GE, Inventor. Method and Apparatus for Automatic Egg Injection. 
United States patent US 4040388 (1977).
106. Miller GE, Inventor. Apparatus and Method for Injecting Eggs. United States 
patent US 4469047 (1984).
107. Uni Z, Ferket PR. Enhancement of Development of Oviparous Species by 
In Ovo Feeding. United States patent US 6592878 B2 (2003).
108. Wakenell PS, Bryan T, Schaeffer J, Avakian A, Williams C, Whitfill C. Effect 
of in ovo vaccine delivery route on herpesvirus of turkeys/SB-1 efficacy and 
viremia. Avian Dis (2002) 46:274–80. doi:10.1637/0005-2086(2002)046 
[0274:EOIOVD]2.0.CO;2 
109. Wakenell PS, Sharma JM. Chicken embryonal vaccination with avian infec-
tious bronchitis virus. Am J Vet Res (1986) 47:933–8. 
110. Islam AF, Walkden-Brown SW, Wong CW, Groves PJ, Burgess SK, Arzey KE, 
et al. Influence of vaccine deposition site on post-vaccinal viraemia and vac-
cine efficacy in broiler chickens following in ovo vaccination against Marek’s 
disease. Avian Pathol (2001) 30:525–33. doi:10.1080/03079450120078725 
111. Donaldson WE. Carbohydrate, hatchery stressors affect poult survival. 
Feedstuffs (1995) 67:16–7. 
112. Noy Y, Sklan D. Metabolic responses to early nutrition. J Appl Poult Res 
(1998) 7:437–51. doi:10.1093/japr/7.4.437 
113. Zhai W, Gerard PD, Pulikanti R, Peebles ED. Effects of in ovo injection of 
carbohydrates on embryonic metabolism, hatchability, and subsequent 
somatic characteristics of broiler hatchlings. Poult Sci (2011) 90:2134–43. 
doi:10.3382/ps.2011-01418 
114. Zhai W, Rowe DE, Peebles ED. Effects of commercial in ovo injection of 
carbohydrates on broiler embryogenesis. Poult Sci (2011) 90:1295–301. 
doi:10.3382/ps.2010-0113d 
115. Uni Z, Ferket PR, Tako E, Kedar O. In ovo feeding improves energy status 
of late-term chicken embryos. Poult Sci (2005) 84:764–70. doi:10.1093/
ps/84.5.764 
116. Bakyaraj S, Bhanja SK, Majumdar S, Dash B. Modulation of post-hatch 
growth and immunity through in ovo supplementated nutrients in broiler 
chickens. J Sci Food Agric (2012) 92:313–20. doi:10.1002/jsfa.4577 
117. Ohta Y, Tsushima N, Koide K, Kidd MT, Ishibashi T. Effect of amino acid 
injection in broiler breeder eggs on embryonic growth and hatchability of 
chicks. Poult Sci (1999) 78:1493–8. doi:10.1093/ps/78.11.1493 
118. Zhai W, Neuman S, Latour MA, Hester PY. The effect of in ovo injection 
of l-carnitine on hatchability of white leghorns. Poult Sci (2008) 87:569–72. 
doi:10.3382/ps.2007-00348 
119. Liu P, Hu Y, Grossmann R, Zhao R. In ovo leptin administration acceler-
ates post-hatch muscle growth and changes myofibre characteristics, gene 
expression and enzymes activity in broiler chickens. J Anim Physiol Anim 
Nutr (2013) 97:887–95. doi:10.1111/j.1439-0396.2012.01334.x 
120. Hargis PS, Pardue SL, Lee AM, Sandel GW. In ovo growth hormone alters 
growth and adipose tissue development of chickens. Growth Dev Aging 
(1989) 53:93–9. 
121. Moore RW, Dean CE, Hargis PS, Hargis BM. Effects of in ovo hormone 
administration at day eighteen of embryogenesis on posthatch growth of 
broilers. J Appl Poult Res (1994) 3:31–9. doi:10.1093/japr/3.1.31 
122. de Oliveira JE, van der Hoeven-Hangoor E, van de Linde IB, Montijn RC, 
van der Vossen JMBM. In ovo inoculation of chicken embryos with probiotic 
bacteria and its effect on posthatch Salmonella susceptibility. Poult Sci (2014) 
93:818–29. doi:10.3382/ps.2013-03409 
123. Villaluenga CM, Wardeńska M, Pilarski R, Bednarczyk M, Gulewicz K. 
Utilization of the chicken embryo model for assessment of biological 
activity of different oligosaccharides. Folia Biol (Kraków) (2004) 52:135–42. 
doi:10.3409/1734916044527502 
124. Maiorano G, Sobolewska A, Cianciullo D, Walasik K, Elminowska-Wenda G, 
Slawińska A, et al. Influence of in ovo prebiotic and synbiotic administration 
on meat quality of broiler chickens. Poult Sci (2012) 91:2963–9. doi:10.3382/
ps.2012-02208 
125. Pruszynska-Oszmalek E, Kolodziejski PA, Stadnicka K, Sassek M, 
Chalupka  D, Kuston B, et  al. In ovo injection of prebiotics and synbiotics 
affects the digestive potency of the pancreas in growing chickens. Poult Sci 
(2015) 94:1909–16. doi:10.3382/ps/pev162 
126. Kim YS, Bobbili NK, Lee YK, Jin HJ, Dunn MA. Production of a polyclonal 
anti-myostatin antibody and the effects of in ovo administration of the 
antibody on posthatch broiler growth and muscle mass. Poult Sci (2007) 
86:1196–205. doi:10.1093/ps/86.6.1196 
127. McReynolds JL, Caldwell DY, Barnhart ET, Deloach JR, McElroy AP, 
Moore R, et al. The effect of in ovo or day-of-hatch subcutaneous antibiotic 
administration on competitive exclusion culture (PREEMPTTM) estab-
lishment in neonatal chickens. Poult Sci (2000) 79:1524–30. doi:10.1093/
ps/79.11.1524 
128. Gore AB, Qureshi MA. Enhancement of humoral and cellular immunity by 
vitamin E after embryonic exposure. Poult Sci (1997) 76:984–91. doi:10.1093/
ps/76.7.984 
129. Taghavi A, Allan B, Mutwiri G, Van Kessel A, Willson P, Babiuk L, et  al. 
Protection of neonatal broiler chicks against Salmonella Typhimurium 
septicemia by DNA containing CpG motifs. Avian Dis (2008) 52(3):398–406. 
doi:10.1637/8196-121907-Reg
130. McGruder ED, Ramirez GA, Kogut MH, Moore RW, Corrier DE, 
DeLoach JR, et al. In ovo administration of Salmonella enteritidis-immune 
lymphokines confers protection to neonatal chicks against Salmonella enter-
itidis organ infectivity. Poult Sci (1995) 74:18–25. doi:10.3382/ps.0740018 
131. Bhanja SK, Mandal AB. Effect of in ovo injection of critical amino acids on 
pre- and post-hatch growth, immunocompetence, and development of diges-
tive organs in broiler chickens. Asian Australas J Anim Sci (2005) 18:524–31. 
doi:10.5713/ajas.2005.524 
132. Foye OT, Uni Z, Ferket PR. Effect of in ovo feeding egg white protein, β-hy-
droxy-β-methylbutyrate, and carbohydrates on glycogen status and neonatal 
growth of turkeys. Poult Sci (2006) 85:1185–92. doi:10.1093/ps/85.7.1185 
133. Al-Murrani W. Effect of injecting amino acids into the egg on embryonic 
and subsequent growth in the domestic fowl. Br Poult Sci (1982) 23:171–4. 
doi:10.1080/00071688208447943 
134. Ohta Y, Kidd MT. Optimum site for in ovo amino acid injection in broiler 
breeder eggs. Poult Sci (2001) 80:1425–9. doi:10.1093/ps/80.10.1425 
135. Ohta Y, Kidd MT, Ishibashi T. Embryo growth and amino acid concen-
tration profiles of broiler breeder eggs, embryos, and chicks after in ovo 
administration of amino acids. Poult Sci (2001) 80:143014–36. doi:10.1093/
ps/80.10.1430 
136. Elibol O, Turkoglu M, Akan M, Erol H. Effects of ascorbic acid injection 
during incubation on the hatchability of large broiler eggs. Turk J Vet Anim 
Sci (2001) 25:245–8. 
137. Ipek A, Sahan U, Yilmaz B. The effect of in ovo ascorbic acid and glucose 
injection in broiler breeder eggs on hatchability and chick weight. Arch Gelflu 
(2003) 68:132–5. 
138. Yonash N, Leitner G, Waiman R, Heller ED, Cahaner A. Genetic differ-
ences and heritability of antibody response to Escherichia coli vaccination 
in young broiler chicks. Poult Sci (1996) 75:683–90. doi:10.3382/ps. 
0750683 
139. Gomis S, Babiuk L, Godson DL, Allan B, Thrush T, Townsend P, et  al. 
Protection of chickens against Escherichia coli infections by DNA containing 
CpG motifs. Infect Immun (2004) 71:813–22. doi:10.1128/IAI.71.2.857- 
863.2003 
140. Bhanja SK, Goel A, Pandey N, Mehra M, Majumdar S, Mandal AB. In ovo 
carbohydrate supplementation modulates growth and immunity-related 
13
Roto et al. Applications of In Ovo Technique
Frontiers in Veterinary Science | www.frontiersin.org August 2016 | Volume 3 | Article 63
genes in broiler chickens. J Anim Physiol Anim Nutr (2015) 99:163–73. 
doi:10.1111/jpn.12193 
141. Kidd MT. Nutritional modulation of immune function in broilers. Poult Sci 
(2004) 83:650–7. doi:10.1093/ps/83.4.650 
142. Fuller R. Probiotics in man and animals. J Appl Bacteriol (1989) 66:365–78. 
doi:10.1111/j.1365-2672.1989.tb05105.x 
143. Patterson JA, Burkholder KM. Application of prebiotics and probiotics in 
poultry production. Poult Sci (2003) 82:627–31. doi:10.1093/ps/82.4.627 
144. Lutful Kabir SM. The role of probiotics in the poultry industry. Int J Mol Sci 
(2009) 10:3531–46. doi:10.3390/ijms10083531 
145. Ricke SC, Pillai SD. Conventional and molecular methods for understanding 
probiotic bacteria functionality in gastrointestinal tracts. Crit Rev Microbiol 
(1999) 25:19–38. doi:10.1080/10408419991299176 
146. Ricke SC. Perspectives on the use of organic acids and short chain fatty acids 
as antimicrobials. Poult Sci (2003) 82:632–9. doi:10.1093/ps/82.4.632 
147. Rantala M, Nurmi E. Prevention of the growth of Salmonella infantis in chick-
ens by flora of the alimentary tract of chickens. Br Poult Sci (1973) 14:627–30. 
doi:10.1080/00071667308416073 
148. Schleifer JH. A review of the efficacy and mechanism of competitive exclusion 
for the control of Salmonella in poultry. World Poult Sci J (1985) 41:72–83. 
doi:10.1079/WPS19850007 
149. Edens FW, Parkhurst CR, Casas IA, Dobrogosz WJ. Principles of ex ovo 
competitive exclusion and in ovo administration of Lactobacillus reuteri. 
Poult Sci (1997) 76:179–96. doi:10.1093/ps/76.1.179 
150. Bielke LR, Elwood AL, Donoghue DJ, Donoghue AM, Newberry LA, 
Neighbor NK, et  al. Approach for selection of individual enteric bacteria 
for competitive exclusion in turkey poults. Poult Sci (2003) 82:1378–82. 
doi:10.1093/ps/82.9.1378 
151. Seuna E. Sensitivity of young chickens to Salmonella typhimurium var. copen-
hagen and S. infantis infection and the preventive effect of cultured intestinal 
microflora. Avian Dis (1979) 23:392–400. doi:10.2307/1589569 
152. Han IK, Lee SC, Lee JH, Lee KK, Lee JC. Studies on the growth promoting 
effects of probiotics I. The effects of Lactobacillus sporogenes in the growing 
performance and the change in microbial flora of the faeces and intestinal 
contents of the broiler chicks. Korean J Anim Sci (1984) 26:150–7. 
153. Han IK, Lee SC, Lee JH, Kim JD, Jung PK, Lee JC. Studies on the growth 
promoting effects of probiotics II. The effects of Clostridium butyricum ID 
on the performance and the changes in the microbial flora of the faeces and 
intestinal contents of the broiler chicks. Korean J Anim Sci (1984) 26:158–65. 
154. Zhang ZF, Kim IH. Effects of multistrain probiotics on growth performance, 
apparent ileal nutrient digestibility, blood characteristics, cecal microbial 
shedding, and excreta odor contents in broilers. Poult Sci (2014) 93:364–70. 
doi:10.3382/ps.2013-03314 
155. Cox NA, Bailey JS, Blankenship LC, Gildersleeve RP. Research note: in ovo 
administration of a competitive exclusion treatment to broiler embryos. Poult 
Sci (1992) 71:1781–4. doi:10.3382/ps.0711781 
156. Pedroso AA, Batal AB, Lee MD. Effect of in ovo administration of an 
adult-derived microbiota on establishment of the intestinal microbiome in 
chickens. Am J Vet Res (2016) 77:514–26. doi:10.2460/ajvr.77.5.514 
157. Yamawaki RA, Milbradt EL, Coppola MP, Rodrigues JCZ, Andreatti Filho 
RL, Padovani CR, et  al. Effect of immersion and inoculation in ovo of 
Lactobacillus spp. in embryonated chicken eggs in the prevention of Salmonella 
Enteritidis after hatch. Poult Sci (2013) 92:1560–3. doi:10.3382/ps.2012- 
02936 
158. Hutkins RW, Krumbeck JA, Bindels LB, Cani PD, Fahey G Jr, Goh YJ, et al. 
Prebiotics: why definitions matter. Curr Opin Biotechnol (2016) 37:1–7. 
doi:10.1016/j.copbio.2015.09.001 
159. Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall R, Rowland I, 
et  al. Prebiotic effects: metabolic and health benefits. Br J Nutr (2010) 
104:S1–63. doi:10.1017/S0007114510003363 
160. Bird A, Conlon M, Christophersen CT, Topping DL. Resistant starch, large 
bowel fermentation and a broader perspective of prebiotics and probiotics. 
Benef Microbes (2010) 1:423–31. doi:10.3920/BM2010.0041 
161. Rastall RA, Gibson GR. Recent developments in prebiotics to selectively 
impact beneficial microbes and promote intestinal health. Curr Opin 
Biotechnol (2015) 32:42–6. doi:10.1016/j.copbio.2014.11.002 
162. Madej JP, Bednarczyk M. Effect of in ovo-delivered prebiotics and synbiotics 
on the morphology and specific immune cell composition in gut-associated 
lymphoid tissue. Poult Sci (2015) 95:19–29. doi:10.3382/ps/pev291 
163. Slawińska A, Siwek M, Żylińska J, Bardowski J, Brzezińska J, Gulewicz KA, 
et al. Influence of synbiotics delivered in ovo on immune organs development 
and structure. Folia Biol (Kraków) (2014) 62:277–85. doi:10.3409/fb62_3.277 
164. Madej JP, Stefaniak T, Benarczyk M. Effect of in ovo-delivered prebiotics and 
synbiotics on lymphoid-organs morphology in chickens. Poult Sci (2015) 
94:1209–19. doi:10.3382/ps/pev076 
Conflict of Interest Statement: The authors declare that the review of the literature 
was conducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.
Copyright © 2016 Roto, Kwon and Ricke. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.
